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The microstructural dependence of the magnetic properties of AISI 
4130 alloy steel and plain carbon steels has been investigated as part 
of a continuing research program into the use of magnetic methods for 
quantitative nondestructive evaluation of the mechanical properties 
and heat treatment of constructional steels. 
Eight different heat treatments of a specimen of AISI 4130 alloy 
steel were produced. Measurements of the bulk magnetic properties indica-
ted that the coercivity varied from 6.5 to 22.0 Oe, and that the initial 
permeability of the normal de magnetization curve varied from 98 to 
281 Gauss/Oe, by modifying the microstructure. These variations are 
comparable with the changes in magnetic properties caused by the applica-
tion of stress [1,2]. 
The variation of magnetic properties with carbon content of up 
to 1.0 wt% has also been determined while keeping the microstructure 
the same, by application of appropriate heat treatments. Two different 
types of microstructures were studied, the normal lamellar pearlite 
structure obtained by air cooling or furnace cooling from 800°C, and 
the spheroidized structure obtained by very slow cooling from 727°C, 
coupled with repeated thermal cycling over a period of a few days. 
Finally, we have investigated the relationship between mechanical 
hardness and the magnetic properties. These results have shown that 
hardness against both coercivity and permeability yields a locus curve 
which appears, at first sight, to be independent of the microstructure. 
BACKGROUND 
Nondestructive evaluation of materials properties by magnetic tech-
niques has been utili~ed in the past with varying degrees of success 
[3,4,5,6]. Some of these techniques, such as magnetic flux leakage 
measurements [7] and magnetic particle inspection, for the detection 
of surface and near surface irregularities, are largely qualitative. 
Other techniques such as the Barkhausen effect (8] and magnetoacoustic 
emission [9], although quantitative, are entirely empirical. Lastly, 
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methods such as eddy current measurements and bulk magnetic properties 
determination [10] rest on a sounder theoretical basis because the results 
can be more easily related to material properties [11]. 
Evaluation of stress levels in steels is, of course, of great interest 
to industry. In this respect there is great potential for magnetic 
methods since it is known from the work of Bozorth [12], Birss, Faunce 
and Isaac [13], Craik and Wood [14] and Jiles and Atherton [15,16] that 
the magnetic properties are very strongly affected by stress. Among 
magnetic techniques for determination of stress, the choice resolves 
to either measurement of the Barkhausen signals, or related effects 
such as magnetoacoustic emission, or measurement of bulk d.c. magnetiza-
tion. Although there has been significant progress in Barkhausen methods, 
such as the work of Theiner and Altpeter [17] and by Segalini, Mayos, 
and Putignani [18], we feel that the measurement of magnetization, with 
the possibility of relating the results to other materials properties, 
still offers considerable advantages. Nevertheless, ultimately a combina-
tion of both techniques would be desirable. 
According to Bozorth and Williams (1], the application of stresses 
within the elastic limit can change the magnetic properties by a factor 
of ten, and some of our recent results on constructional steels have 
indeed shown large variations in such parameters as permeability and 
coercivity, with changes of the order of 100%. By comparison with ultra-
sonic techniques which require detection of changes in acoustic velocity 
of the order of lo-S with stress, it is clear that magnetic measurements 
offer a significantly more sensitive response. However, there also 
remains a drawback: the stress dependence of the magnetic properties 
is superimposed on the microstructural dependence. Consequently, although 
the characteristic stress dependence of a particular steel can be easily 
determined and used for evaluation of stress [19,20], the results lack 
generality and cannot be applied to another specimen of similar material 
if it has undergone different heat treatment. 
We have, therefore, investigated the microstructural dependence 
of the magnetic properties of steels as part of a continuing research 
program designed to utilize magnetic methods for evaluation of stress 
in steel. Stress dependences of magnetic properties will then be measured 
and superimposed on the microstructural dependence at a subsequent stage 
of the investigation. 
OBJECTIVES 
The ultimate objective is, of course, the utilization of these 
techniques, specifically the measurement of bulk magnetic properties 
such as permeability, coercivity, remanence and hysteresis loss for 
the determination of stress levels in ferromagnetic steels. In certain 
specific instances, we have already achieved this on the laboratory 
scale [21,22,23]. 
The immediate objective is to determine the effects of microstructure 
on magnetic properties, since these will underlie any effects of stress. 
Different steels with different methods of preparation have been used 
in order that we may satisfy our first goal which is the compilation 
of a large database of magnetic properties of a range of steels. 
PROCEDURE 
Eight different heat treatments of a specimen o£ 4130 alloy steel 
were used to produce a variety of microstructures. The heat treatment 
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schedule is shown in Table 1, together with a description of the micro-
structure obtained. These ranged from normal ferrite/pearlite with 
coarse grains or fine grains, to ferrite with upper or lower bainite 
and finally martensite. Optical micrographs of the specimen surfaces 
were prepared. 
Table 1. Heat treatment schedule for 4130 steels 
AUSTENITISE for 1 hr at 860 C followed by 
Specimen Heat Treatment Resulting Microstructure 
1 Air Cool (fine pearlite) 
2 Furnace Cool (coarse pearlite) 
3 Salt Pot Quench to 600 c (ferrite + pearlite coarse 
1 hr and Air Cool grain) 
4 Salt Pot Quench to 500 c (ferrite + bainite + 10% 
1 hr and Air Cool fine pearlite) 
5 Salt Pot Quench to 500 c (ferrite +upper bainite) 
16 hr and Air Cool 
6 Salt Pot Quench to 350 c (ferrite + pearlite + lower 
1 hr and Air Cool bainite) 
7 Oil Quench + Temper at (tempered martensite very 
200 C 1 hr fine Fe3C) 
8 Oil Quench + Temper at (tempered martensite coarse 
500 C hr Fe3C) 
Two heat treatments of a range of commercial plain carbon steels 
were made. These gave the normal lamellar pearlite/ferrite microstructure 
and the spheroidized cementite structure. Specimens were nominally 
1020, 1045, 1080 and 1095 commercial grades. All were subjected to 
chemical analysis to determine exact levels of carbon. 
Measurements of magnetic properties were made on a custom designed 
hysteresisgraph with an automated control and data logging system as 
described previously [24]. This system contained highly refined algorithms 
for such processes as demagnetization and anhysteretic magnetization 
[25]. The demagnetization routine itself was crucial for production 
of reliable magnetization data. In the past, incorrect demagnetization 
has been responsible for anomalous results reported by other authors 
regarding subsequent magnetization curves and on the effects of stress 
on nominally demagnetized specimens. 
RESULTS 
(i) 4130 Alloy Steels 
Optical micrographs of the surfaces of the eight heat treatments 
of 4130 steel were made. Specimen 1 exhibited fine grained pearlite 
within a ferrite matrix. Specimen 2 was similar, although due to the 
slower rate of cooling the grains were somewhat larger than in specimen 
1, by typically a factor of two. Specimen 3 revealed once again the 
normal ferrite/pearlite structure with coarse grains. Specimens 4 and 
5 gave almost identical structures with principally ferrite and upper 
bainite although about 10% fine pearlite was also present. Specimen 
6 contained ferrite with lower bainite. Specimens 7 and 8 were of tempered 
martensite with iron carbide inclusions. 
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Results of some magnetization measurements are shown in Figs. 1-4, 
and the values of the various magnetic parameters are summarized in 
Table 2. The results show high coercivity and low permeability for 
the martensitic steels which is to be expected since these have high 
residual microstrain and also the crystallites have high shape anisotropy. 
Regions of high inhomogeneous microstrain contribute additional pinning 
centers for domain wall motion at low fields thereby reducing permeability, 
while the crystallites oriented unfavorably with the field direction 
are difficult to magnetize in the field direction. 
Table 2. 
Heat 
Treat 
1 
2 
3 
4 
5 
6 
7 
8 
Magnetic properties of the eight heat treatments 
X' X' X' He Mr norm anhys max 
(Oe) 
8.5 10.12 188 
6.5 11.00 281 
12.0 8.75 115 
14.0 10.00 130 
12.5 10.63 130 
15.5 10.12 118 
22.0 9.75 98 
13.0 12.88 100 
10 5 
2250 
3125 
975 
1225 
1375 
1075 
6250 
1700 
2.0 B(kG) 
2.0 
2375 
3250 
700 
2725 
2050 
3250 
1150 
3125 
5 
Heat Treat 1 
10 
H(Oel 
of 4130 steels. 
XH=50 Oe 
145 
140 
135 
142 
150 
145 
125 
162 
Fig. 1. Magnetization as a function of magnetic field for heat treat 
specimen No. 1, fine pearlite. 
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10 
H{Oel 
Hea t Tr ea t 3 
Fig. 2. Magnetization as a function of magnetic field for heat treat 
specimen No. 3, coarse pearlite. 
Hoa t Tr eat 5 
10 
H(Oe) 
Fig. 2. Magnetizat i on as a function of magnetic field for heat treat 
specimen No. 5, ferrite and copper bainite. 
H{Oe) 
Hoa t Trea t 7 
Fig . 4 . Magne t i za tion as a function of magnetic f i e ld f or heat t rea t 
specimen No. 7, temper ed mar tensite . 
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The magnetic properties of the bainite sample numbers 4, 5, and 
6 are typically intermediate between the high permeability ferrite/pearlite 
specimens and the low permeability martensite specimens, numbers 7 and 
8. 
(ii) Carbon Steels 
The heat treatments for the carbon steels are shown in Table 3, 
together with a description of the microstructure produced and values 
of Rockwell hardness. The measured magnetic properties are shown in 
Table 4, which show that for a given type of microstructure the magnetic 
properties vary smoothly as a function of carbon content. This is indica-
ted, for example, in Figs. 5 and 6. Furthermore, the coercivity and 
permeability are functions of the mechanical hardness, as shown in Figs. 
7 and 8. The relationship between hardness and both coercivity and 
permeability appears to be independent of microstructure.· 
The pearlite/ferrite specimens, numbers 1, 2, and 3, have grain 
diameters of typically 6pm, lOpm, and 20pm, respectively. Since there 
is a decrease in coercivity and an increase in permeability between 
6pm and lOpm, but the trend reverses between lOpm and 20pm, this would 
seem to indicate that there is a critical grain size in the range 10-20pm 
at which permeability reaches a maximum. A similar decrease in coercivity 
and consequently an increase in permeability with larger grain size, 
up to lmm, has been reported for silicon-iron by Littmann [26]. However, 
the effect of grain size on magnetic properties in alloy steels such 
as 4130, is complicated by the presence of impurity phases such as Fe3C 
precipitates. In practice, the size and·distribution of the precipitates 
dominates the effects of grain size at all but the lowest levels of 
impurity content, and consequently grain size itself is only of secondary 
significance. 
15 
0~ 
Wt% C 
Fig. 5. Variation of coercivity with carbon content for normal lamellar 
and spheroidized microstructures. 
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E 
0 
c 
' 0 )( 
100 
• 
0·5 
0 s 
• N 
oX 
• 
0 
1·0 
Wt ~. C 
Fig. 6. Variation of initial permeability with carbon content for normal 
lamellar and spheroidized microstructures. 
X~ 
norm 
300 
10 20 30 
Hardness (RHcl 
Fig. 7. Variation of coercivity with hardness for various carbon contents. 
10 
Fo-e Alloys 
10 20 30 
Hardness ( RHc 1 
Fig. 8. Variation of initial permeability with hardness for various 
carbon contents. 
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Table 4. Magnetic properties of commercial grade plain carbon steels. 
AISI Specimen H M X' X' X' WH 
Designation c r 0 max 0 -3 (0 ) (Gauss) an norm norm 
e 
erg.cm 
10065 2.5 8,500 3,850 3,500 350 12,925 
1020 124 6.5 9,500 2,500 2,250 150 35,340 
1045 143 10.5 8,750 1,750 1,700 100 54,178 
1080 174 11 8,000 1,375 1,250 95 61,526 
1095 195 11 8,750 2,300 2,250 100 48,976 
1020 S24 6.5 13,750 5,000 2,100 360 37,889 
1045 S43 7 13,500 4,500 2,250 215 40,557 
1080 S74 9 10,500 2,750 1,475 185 40,403 
1095 S95 8 12,000 2,500 2,100 170 56,743 
1045 A45 8 10,000 2,100 1,900 140 40,725 
1045 A45,300 7.5 9,130 1,800 1,350 115 42,754 
1045 A45,400 7.5 11' 500 2,500 2,100 170 43,489 
1045 A45,500 8.0 12,500 2,700 2,300 150 45,979 
1045 S45 6.0 13,500 4,680 3,300 250 27,810 
1045 Q45,720 7 14,750 3,850 2,430 125 37,030 
1095 A95 9 7,880 1,430 1,250 95 44,044 
1095 A95,300 10 9,000 1,480 1,300 80 48,202 
1095 A95,400 10 8,750 1,550 1,210 50 51,-559 
1095 A94,500 9 8,380 1,420 1,250 80 46,617 
1095 S95 7.5 12,750 3,750 2,500 220 33,849 
1095 Q95, 720 8 14,250 4,300 3,720 250 41,540 
X74 18 7,250 800 625 25 84,303 
(iii) General 
It is clear that in the unstressed state it is possible to 
distinguish between various heat treatments of steel based solely on 
de magnetic measurements. For example, for any given composition the 
microstructures in increasing order of coercivity are: (i) spheroidized 
(7-9 Oe at 0.45 wt%), (ii) pearlite (9-10.5 Oe), (iii) bainite (12.5-14.0 
Oe), (iv) martensite (13.0-22.0 Oe). Similarly, the microstructures 
can be categorized on the basis of permeability and hysteresis loss. 
CONCLUSIONS AND FUTURE WORK 
The dependence of magnetic properties on microstructure of steels 
is a necessary prerequisite for the utilization of magnetic methods 
for determination of stress. The reason for this is simply that any 
changes in magnetic properties with stress are superimposed on the changes 
with microstructure. 
The principal advantage of magnetic methods is that the magnetic 
properties of ferromagnetic materials such as steels are very strongly 
affected by stress, and consequently stress levels can be evaluated 
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in specimens with known properties. However, in general, when the prop-
erties of the steel are unknown, the situation is more complicated because 
of the difficulty in distinguishing between the effects of stress and 
microstructure when both are unknown. We are presently engaged in the 
compilation of a large database of magnetic properties of steels under 
a variety of conditions of heat treatments and composition. 
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